Abstract To identify factors predicting aortic stiffness, we studied the modulus of elasticity of the thoracic aorta in relation to sex, obesity, blood pressure, physical activity, smoking, ethanol consumption, salt intake, and serum lipid and insulin levels in 55 healthy people born in 1954. A transverse cine magnetic resonance image of the thoracic aorta was made, and the modulus of elasticity was determined as brachial artery cuff pulse pressure/aortic strain, where strain was determined as the ratio of pulsatile aortic luminal area change to the diastolic luminal area. The average of measurements made in the ascending and descending aorta was used as the elastic modulus of the thoracic aorta. Habitual physical activity, smoking, and alcohol use were quantified by 2-month prospective daily recording and salt intake by 7-day food records. The aortic elastic modulus ranged from 100 to 2091 10 3 dyne/cm 2 (median, 390 10 3 dyne/cm 2 ). In multiple regres-T he stiffness of the thoracic aorta influences aortic conduit function, contributes to blood pressure and left ventricular load, and may also modify the aortocoronary blood flow. 13 People with coronary artery disease have abnormally rigid aortas, 3 " 6 and noninvasive measurement of aortic distensibility has been considered for a targeted screening of coronary atheroma.
T he stiffness of the thoracic aorta influences aortic conduit function, contributes to blood pressure and left ventricular load, and may also modify the aortocoronary blood flow. 13 People with coronary artery disease have abnormally rigid aortas, 3 " 6 and noninvasive measurement of aortic distensibility has been considered for a targeted screening of coronary atheroma. 7 For these reasons it has become timely to know what factors modify aortic pulsatility and in what way. It is generally agreed that the stiffness of the aorta increases with age and in hypertension,'-2 -6 -10 but knowledge of other potential predictors is insufficient and partly contradictory. 6 ' 813 Concerning the relation of aortic stiffness to blood cholesterol level, some reports show a positive association, 1112 others a negative one, 613 and the rest no association. 810 Although part of these differences may be attributed to the modifying effect of age, 11 -13 confusing contrasts between the data 6 -12 still remain.
The purpose of this study was to examine the predictors of aortic stiffness in a sample of the general adult population homogeneous for age and free of significant cardiovascular disease. In principle, aortic stiffness can be assessed noninvasively either by studying the relation between pulsatile changes in blood pressure and aortic luminal size or more indirectly by measuring the pulse wave velocity through the thoracoabdominal aorta. 1 In
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Reprint requests to Dr Markku Kupari, Division of Cardiology, Helsinki University Central Hospital, FIN-00290 Helsinki, Finland. sion analyses, log, 0 aortic elastic modulus was related directly to mean blood pressure (standardized coefficient [/3]=.37, / ) =.002), serum high-density lipoprotein cholesterol (/3=.36, P=.O12), square root of daily energy expenditure in physical activity (/3=.33, P=.005), and log 10 serum insulin (/3=.27, /*=.047) and inversely to serum low-density lipoprotein cholesterol (0=-.26, P=.O35). A relation to salt intake was also observed, but the regression slope was dependent on mean blood pressure (P=.005 for interaction). These data suggest that many modifiable constitutional and lifestyle characteristics may contribute to the stiffness of the thoracic aorta.
(Arterioscler Thromb. 1994;14J86-394.)
Key Words • aortic stiffness • magnetic resonance imaging • lipids • insulin • physical activity • sodium intake this study, we used cine magnetic resonance imaging (MRI) to measure the systolic and diastolic crosssectional areas of the ascending and descending thoracic aorta and calculated the modulus of elasticity 14 as an index of aortic stiffness. The present report describes the relations of aortic stiffness to those factors known to modify the risk of cardiovascular diseases, such as sex, obesity, blood lipid levels, physical activity, smoking, alcohol consumption, sodium intake, and serum insulin level.
Methods

Study Population
This work was carried out as a substudy to a comprehensive cardiovascular assessment of a sample of the population living in Helsinki and born in 1954. Of the target population (3730 men, 4250 women), 120 randomly selected individuals were invited, and 93 (78%) took part in the assessment. Of them, 55 people (31 men) underwent an MRI examination of the thoracic aorta; they constitute the population of this study. All 93 members of the primary sample could not be included in the present work because of the limited MRI resources allocated to our use.
The participants were aged 36 to 37 years at the time of our study. The mean height and weight (±SD) of the 55 subjects studied by MRI were 172±9 cm and 71 ±13 kg, respectively. Their body mass index averaged 23.9±3.4 kg/m 2 (range, 17.3 to 34.4 kg/m 2 ). All were free of cardiovascular and metabolic diseases according to the medical history, physical examination, 12-lead electrocardiogram, a complete cardiac ultrasound study, and laboratory tests including peripheral blood count, fasting blood glucose, serum creatinine, and liver enzymes. Several subjects had been in follow-up for borderline blood pressure elevation, but none had been diagnosed as having hypertension or had used drugs for it. Fifteen partici-pants had a positive family history of coronary heart disease, and 13 had a family history of hypertension.
Study Design
The study started with a prospective 2-month collection of lifestyle data. Each subject was given a pocket diary for recording daily physical activity and consumption of alcohol and tobacco. Another diary was given for a 7-day food record designed to estimate dietary salt intake. The subjects were asked not to change their lifestyle or diet because of participation in the study. After an average of 65 days of lifestyle recording (range, 46 to 74 days), the participants returned the diaries and underwent determination of aortic stiffness by MRI and measurement of serum lipid and insulin levels. The protocol was approved by the institutional ethics committee.
Assessment of Physical Activity, Alcohol Use, Smoking, and Sodium Intake
The subjects recorded each day the type of leisure-time physical activity they had practiced and the exact time spent in it. The energy expended was calculated as suggested by Wilson et al" by multiplying the metabolic equivalent value (MET; 1 MET=the energy expended by a person at rest, ie, ^l kcal/kg per hour) of each activity by the time (hours) spent in it. The MET values of different activities were adopted from previously published tables. 15 The average energy expenditure per day of follow-up was used as a physical activity index. Supporting its utility, the index (MET • h/d) correlated negatively in the primary population sample with body mass index (r=-.27, P=.O1O) and resting heart rate (/=-.23, />=.O39) and positively with daily energy intake by the food consumption records (see below) (r=.24, P=.O28). Occupational physical activities were not included in this index but were estimated by questioning at the subjects' initial assessment. Depending on the type of daily work, the average occupational physical workload was arbitrarily graded as minimal, light, moderate, or heavy.
The types and amounts of all alcoholic beverages and the number of cigarettes consumed each day were also entered into the diary. The drinks were converted to grams of absolute ethanol, added up, and divided by body weight and by the number of follow-up days to obtain an estimate of daily ethanol consumption (grams per kilogram). Supporting the validity of the data, the daily ethanol consumption correlated directly with serum concentrations of -y-glutamyltransferase (r=.28, / > =.0O9) and high-density lipoprotein cholesterol (HDL-C) (sex-adjusted partial r=.26, P=.O19) in our primary population sample. The average daily cigarette consumption was calculated in the same way.
The data on salt intake were collected by means of a 7-day food record designed and analyzed by an expert nutritionist. The recording days were distributed evenly over the 2-month follow-up period, and each day of the week was covered once. The subjects were given written and illustrated instructions to ensure correct data entry into the food records. The subjects returned the records personally to the nutritionist, who checked the food consumption entries for adequacy and asked complementary questions if necessary. The records were analyzed for energy and sodium intake using commercial software (UNILEVER DIETARY ANALYSIS PROGRAM, Unilever Inc) and a database on nutrient and mineral composition of Finnish foods. 16 The average sodium intake (milliequivalents per day) was calculated for the purposes of the present work. Earlier research in our country has shown that sodium intake calculated from food records can be used to estimate salt intake. 17 
Laboratory Tests
Venous blood was sampled after an overnight fast. Serum total cholesterol was determined by a commercial kit (Boehringer) and the concentration of triglycerides in an Autoanalyzer II (Technicon Instruments). HDL-C was separated from serum by precipitation of the other lipoproteins with heparinmanganese chloride. The supernatant was further fractionated into HDL r C and HDLj-C by precipitation with 0.11% dextran sulfate. 18 Low-density lipoprotein cholesterol (LDL-C) was calculated using the Friedewald equation. 19 Serum insulin was measured with a commercial radioimmunoassay kit (Pharmacia). The measurements were made in the same batch of the assay to eliminate any interassay variation.
MRI Study of Aortic Distensibility
The MRI studies were made using a 1.0-T superconducting unit (Siemens Magnetom 42 SP), a body coil, and electrocardiogram triggering. For examination of the pulsatile changes of the cross-sectional luminal areas of the ascending and descending thoracic aorta, a cine examination was acquired in a plane transecting the aorta transversally at the level of the pulmonary artery bifurcation (Fig 1) . A two-dimensional gradient echo sequence was used with a repetition time of 50 milliseconds and an echo time of 12 milliseconds; the flip angle was 30°, the matrix size 128x256, and the slice thickness 7 mm. Brachial artery systolic, diastolic, and pulse pressures were averaged over two measurements made by the cuff method (Korotkoff phases I and V) just before and after the MRI study. Mean blood pressure was calculated as diastolic pressure plus one third pulse pressure.
The MRI studies were analyzed without knowledge of the subject under assessment. The smallest diastolic and largest systolic circumferences of the ascending and descending thoracic aorta were traced with a mouse-driven cursor in an off-line image-analysis system (Radgop/wiz, Contextvision, Struers Vision AB). The aortic luminal areas were determined by multiplying the number of pixels by the pixel size. Aortic strain was determined as the change of the aortic luminal area from its diastolic minimum to its systolic maximum divided by the diastolic area (Fig 1) . The aortic elastic modulus 14 was calculated in dynes per square centimeter as 1332 • pulse pressure/strain, where the coefficient converts millimeters of mercury to dynes per square centimeter. The mean of values of elastic modulus in the ascending and descending aorta was calculated as an index of the stiffness of the thoracic aorta for each individual.
For assessment of the repeatability of analyzing the MRI examinations, eight studies were measured twice in a blinded manner. The absolute difference of the paired data as a percentage of their average was 2.1 ±2.0% (mean±SD) for the diastolic area of the ascending aorta, 3.0±3.1% for the diastolic area of the descending aorta, 21.8±21.0% for the pulsatile area change in the ascending aorta, and 22.5±20.6% for the area change in the descending aorta. The reproducibility of the modulus of elasticity was 25.0± 18.8% in the ascending aorta, 24.6±23.4% in the descending aorta, and 16.2± 11.1% for the average value in the thoracic aorta. To quantify the reproducibility of serial MRI examinations, the aortic imaging was made twice 1 week apart in eight healthy people. The difference between the two studies was 7.9±14.0% for the diastolic area of the ascending aorta, 11.7±13.3% for the area of the descending aorta, 19.5±22.5% for the pulsatile area change in the ascending aorta, and 38.8±37.0% for the area change in the descending aorta. The reproducibility of the modulus of elasticity was 26.3±23.3% in the ascending aorta, 34.5±32.1% in the descending aorta, and 25.1 ±20.2% for the average value in the thoracic aorta.
Statistics
All variables were tested for normal distribution by the Kolmogorov-Smirnov one-sample test. Group means were compared by the Student's t test or ANOVA. The values of elastic modulus in the ascending and descending thoracic aorta were compared with the Student's paired t test. Multivariate ANOVA was used to assess whether the present study group differed from those members of our population sample who were not studied by MRI. Bivariate correlation coefficients were calculated by the Pearson product-moment method (continuous versus continuous variables) or by Spearman's rank method (continuous versus discrete variables). The independent relations of the aortic elastic modulus to its potential predictors were analyzed by stepwise multiple linear regression. Because the relations were curved in bivariate data plots, logarithmic values of elastic modulus were used. The data on ethanol use, physical activity, and serum insulin and triglyceride levels were grossly skewed toward high values and were included as their logarithms or square roots in the analyses. To test for interactions between the explanatory variables, we ran additional analyses by including appropriate product terms in the model. The associations are reported as multiple regression coefficients (b) (±SEM) between log l0 aortic elastic modulus and the independent variables. Standardized (unitindependent) regression coefficients (/3) and squared multiple correlation coefficients (R 1 ) were also calculated. The other data are given as mean±SD unless indicated otherwise. Adjusted values for elastic modulus were calculated using the multiple regression coefficients. Values of P<.05 were considered statistically significant. All calculations were performed on a microcomputer using commercially available statistical software (SYSTAT version 5.2, Systat Inc). Table 1 summarizes the blood pressure measurements, aortic cross-sectional areas, biochemical data, and most lifestyle variables in the study group. The modulus of elasticity averaged 572±735 If? dyne/cm 2 (median, 285) in the ascending aorta and 436±306 10 3 dyne/cm 2 (median, 390) in the descending thoracic aorta. The difference was not statistically significant (P=.89O for log-transformed data), and all further analyses were made using the average elastic modulus of the thoracic aorta as an index of aortic stiffness. Thirtythree subjects were nonsmokers, 12 smoked 1 to 10 cigarettes per day, and 10 smoked more than 10 cigarettes per day. The occupational physical workload was considered minimal in 25 individuals, light in 15, moderate in 13, and heavy in 2. A multivariate ANOVA on body mass index, systolic and diastolic blood pressures, square root physical activity index, sodium intake, square root ethanol consumption, serum HDL-C, serum LDL-C, logio serum triglycerides, and log 10 serum insulin gave an overall F value of 0.97 (P=M) between the study group (n=55) and those members (n=38) of the population sample who could not be examined by MRI. No statistically significant group differences were found in any individual variable.
Results
Characteristics of the Subjects
Univariate and Multivariate Correlates of the Elastic Modulus of the Thoracic Aorta
The modulus of elasticity of the thoracic aorta averaged 508±414 10 3 dyne/cm 2 in the study group. The data distribution was skewed toward high values (P=.001), with a median of 390 10 3 dyne/cm 2 and a range of 100 to 2091 10 3 dyne/cm 2 . The log, 0 elastic modulus averaged 5.62±0.27 in men and 5.58±0.32 in women (P=.6O), 5.60±0.32 in people with a family history of hypertension and 5.60±0.26 in those without (P=.99), and 5.53±0.26 in people with a family history of coronary heart disease and 5.61 ±0.29 in those without (P=.35). The logio elastic modulus was not related to smoking, either: the average was 5.62±0.30 in nonsmokers, 5.58±0.24 in people smoking 1 to 10 cigarettes per day, and 5.59±0.25 in those smoking more than 10 cigarettes per day (P=J1). The other univariate associations with log, 0 aortic elastic modulus are summarized in Table 2 .
Stepwise multiple linear regression analyses were made with the following explanatory variables: sex (male=l, female=2), body mass index, mean blood pressure, smoking (nonsmoker=0,1 to 10 cigarettes per day=l, >10 cigarettes per day=2), occupational physical workload (minimal = 0, light = l, moderate = 2, heavy=3), square root physical activity index, square root daily ethanol consumption, daily sodium intake, serum LDL-C and HDL-C, and log 10 values of serum triglyceride and insulin levels. The analyses showed that LDL-C, HDL-C, mean blood pressure, daily physical activity, and serum insulin levels were statistically significant independent correlates of log, 0 aortic elastic modulus. Their effects are summarized in Table 3 , which also shows that the LDL-HDL cholesterol ratio could be substituted for LDL-C and HDL-C without any loss in the explanatory power of the equation. When HDL-C was replaced by its subfractions (one at a time) in model 1 of Table 3 , aortic elastic modulus was related to HDL r C (j3=.42, P=.004) but not to HDL 3 -C (/3=.13, P=.3O). Fig 2 illustrates further the relations of log, 0 aortic elastic modulus to the LDL-HDL ratio, mean blood pressure, physical activity, and serum insulin. To display independent associations, the data on log ]0 aortic elastic modulus were adjusted for the effects of the other predictors using the coefficients shown in Table 3 . Tables 2 and 3 show that the univariate and multivariate test results agreed relatively well, apart from the lack of univariate association between aortic elastic modulus and serum insulin levels. Statistically this was due to an inverse relation of log 10 serum insulin with HDL-C (r=-.43, P=.000). When the effect of HDL-C on log 10 aortic elastic modulus was adjusted for, the partial correlation coefficient between log 10 aortic elastic modulus and log,o serum insulin rose from .06 (P=.70) to . 29 (P=Ml) . It is also noteworthy that log 10 aortic elastic modulus showed a borderline correlation with both the physical activity index and occupational physical workload in univariate analysis, but only the former association was statistically significant in multiple regression analysis. There was no association between aortic size (diastolic area of the ascending aorta) and either leisure-time physical activity (r=.003, P=.99) or the grade of occupational physical workload (r=.O8,
P=.57).
Additional analyses were run to identify any interactional effects between the explanatory variables on the aortic elastic modulus. A statistically significant interaction between blood pressure and sodium intake was uncovered. Table 4 shows the results of adding sodium intake and its product term with mean blood pressure to the regression equation of model 2 in Table 3 . The explanatory power of the model rose from 50% to 59%. Fig 3 is a three-dimensional illustration of the effects of mean blood pressure and sodium intake on the elastic modulus of the thoracic aorta. No other interactions were observed.
Discussion
Our study shows that the stiffness of the thoracic aorta is related to blood pressure, leisure-time physical activity, and serum lipid and insulin levels in people homogeneous for age and free of detectable cardiovascular disease. Dietary salt may also be of significance, but this association is less clear and appears to depend on blood pressure. Totally 50% to 60% of the variance of aortic elastic modulus in our study group could be explained by the above factors. Part of the remaining variation probably reflects the random error of the elastic modulus measurements, but certainly there can be factors (eg, genetic or neuroendocrine) we did not assess that also contribute.
Methodological Considerations
The subjects of this study were derived from a random sample of the population born in 1954 and living in Helsinki. The primary sample was representative of the target population because the participation rate was close to 80% (93 of 120 people). 20 Although the subgroups studied (n=55) and not studied (n = 38) by MRI were not statistically significantly different regarding the characteristics of interest in this work, there was a male predominance in the studied subgroup compared with the target population. The age homogeneity of the subjects, which was intended to help avoid the confounding effect of age in the analyses, is another limitation to the applicability of our data.
We used cine MRI of the thoracic aorta with noninvasive brachial artery blood pressure measurements to study aortic stiffness. Mohiaddin et al 21 first reported the utility of MRI, and we have used this technique previously to study aortic distensibility in Marfan's syndrome. 22 The applicability of brachial cuff blood pressures to the assessment of aortic stiffness has been verified earlier. 2 - 23 We used the pulsatile change in the aortic luminal area instead of change in the diameter to calculate aortic strain, and therefore our data represent the volume elastic modulus per unit length of the aorta.
14 It is worth noting that although the pressurevolume and pressure-diameter relations reflect arterial stiffness in the same way, 14 the values of elastic modulus by the area change are one half of the values calculated by the diameter change.
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The reproducibility of the aortic luminal areas in our experience (2.1% to 7.9%) compares well with the 6% reproducibility of area measurements given by Mohiaddin et al. 21 The data on pulsatile area change and elastic modulus were less reproducible, however, because the true area change is small (on average, 15% of the diastolic area) compared with the random measurement error. The less than ideal reproducibility of the measurements should not detract from the validity of our main findings, however, because the random nature of the variation acts to weaken the possibility of identifying true associations rather than to create spurious ones. Furthermore, this limitation is not unique to MRI; Isnard et al 2 reported that the reproducibility of two ultrasound measurements was 2.4% to 3.6% for aortic diameters but up to 23% for the pulsatile diameter change. Because the values of the elastic modulus in the ascending and descending segments of the thoracic aorta were not significantly different, we could use their mean, which had better reproducibility (see "Meth- .046 b indicates multiple linear regression coefficient; p, standardized regression coefficient; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; MET, metabolic equivalent; and ft 2 , square of the multiple correlation coefficient An ellipsis indicates that LDL-HDL cholesterol ratio was included interchangeably with LDL-C and HDL-C in the analysis. *Sex, body mass index, serum triglyceride levels, smoking, ethanol consumption, occupational physical workload, and sodium intake were also included In the analyses but had no statistically significant independent influence on aortic elastic modulus. Scatterplots show independent relations of the modulus of elasticity of the thoracic aorta to the ratio of low-density to high-density lipoprotein cholesteral (LDL/HDL) (top left), mean blood pressure (top right), physical activity Index (bottom left), and serum insulin (bottom right). In each panel, the data on elastic modulus have been adjusted to the means of the other Independent variables in the study group using the multiple regresston coefficients of model 2 in Table 3 . Note that the scale of elastic modulus (y axis in each plot) Is logarithmic and the scale of physical activity index (x axis in bottom left panel) Is square-root transformed. MET indicates metabolic equivalent.
ods") in identifying the predictors of aortic stiffness in our study population.
Potential Predictors of Aortic Elastic Modulus
The effects of age and blood pressure on aortic stiffness have been established previously. - 23 The age effect was deliberately eliminated in our study, but the influence of blood pressure was clearly seen even though nearly all subjects were normotensive at the time of the MRI study. The association of aortic elastic modulus with the prevailing mean blood pressure is understandable because the passive elastic properties of any arterial wall (including aortic) dictate that its distensibility decreases as the distending pressure increases. 1 Whether there are sex differences in aortic stiffness has been a matter of disagreement. Some earlier studies showed that the pulse wave velocity through the descending aorta was higher in men than in women, 25 -26 suggesting stiffer aortas in men, but other reports have not found sex differences in either the pulse wave velocity 8 -9 -27 or the indexes of aortic stiffness based on direct imaging of aortic pulsations. 6 - 28 In our study, the aortic elastic modulus was independent of sex, and there also were no sex interactions, indicating that the regressions given in Tables 3 and 4 were not statistically significantly different between men and women.
Aortic stiffness was unrelated to body mass index, smoking, and ethanol consumption in our study population. No earlier data on aortic stiffness in relation to these factors exist. Smoking and obesity may reduce the distensibility of the peripheral arteries, , square of the multiple correlation coefficient. The data are multiple linear regression coefficients constituting an equation to predict log, 0 aortic elastic modulus from the explanatory variables of the arterial walls is also different, with the relative amounts of elastin, collagen, and smooth muscle changing markedly from the aorta to the periphery. 31 The higher aortic stiffness in physically more active people is surprising and disagrees at first sight with the data of Mohiaddin et al 21 of increased aortic volume compliance in active athletes. However, unlike us, Mohiaddin et al did not adjust the pulsatile aortic area change to the diastolic size of the aorta (which may have been increased in the athletes), and therefore their data are not directly comparable with ours. Furthermore, it cannot be excluded that athletes have a relatively high aortic compliance for constitutional reasons rather than as a result of physical training. There is no factual explanation of how the thoracic aorta could become more stiff with physical activity, but possibly the regularly recurring increases of blood pressure with exercise FK3 3. Computer-generated three-dimensional model shows the association of log 10 aortic elastic modulus with mean blood pressure and sodium intake. The model represents the equation z= -0.95+0.072 • x+0.027 • y-0.000295 • x • y, where x is mean blood pressure, y is sodium intake, and z is log 10 aortic elastic modulus adjusted for the effects of the ratio of low-density to high-density lipoprotein cholesterol, physical activity, and serum insulin level. The model is based on the regression coefficients shown in Table 4 .
could be of importance. We emphasize, however, that the associations found in this study, including the predictive value of physical activity, are cross-sectional: they may suggest causal relations but are no proof thereof. The lack of precise estimates of physical fitness, such as maximal oxygen uptake, is also a limitation of these analyses.
The association of aortic elastic modulus with blood lipid levels was the most conspicuous finding in our study: The higher the LDL-C and the lower the HDL-C, the less the rigidity of the thoracic aorta. This accords well with the findings of Dart et al 6 showing an inverse association of aortic stiffness with serum cholesterol (total) but disagrees with the very recent data of Hopkins et al 12 suggesting, by contrast, a positive association of aortic stiffness with serum cholesterol (LDL-C and the LDL-C/ HDL-C ratio) in healthy adults. However, when the effect of age was taken into account in the study by Hopkins et al, LDL-C lost its significance, and the positive relation of aortic stiffness to LDL-C/HDL-C was evident in men only. 12 Other studies in Asian 89 or Western 10 populations have found no association between aortic stiffness and blood cholesterol. In familial hypercholesterolemia, aortic stiffness has been reported to be reduced in youth 13 but increased in adults." As suggested previously by Lehmann et al, 11 these seemingly contradictory data can be reconciled in part by the known behavior of aortic stiffness in experimental atherosclerosis. Newman et al 32 and Farrar et al 33 have shown that in the early stages of diet-induced atheromatosis in animals, when cholesterol accumulation and foam cells predominate in the intimal lesions, the aorta becomes more distensible than normal, only to stiffen later when the lesions acquire an increased amount of collagen and calcification. Our study group was relatively young and free of signs of cardiovascular disease. It is therefore possible that our subjects with higher LDL-C and lower HDL-C levels had less stiff aortas because they had early nonsclerotic atheromatous changes in the aortic wall. The relation of aortic elastic modulus to HDL 2 -C but not to HDL3-C supports this idea; the former subtraction is known to associate better with the risk of atherosclerosis. If measurement of aortic stiffness is used to screen people with hypercholesterolemia, as has been considered, 7 the complexity of these relations must be kept in mind. Although a stiff aorta increases the likelihood of concomitant atherosclerotic aortic and coronary involvement, reduced stiffness is no guarantee against the development of cardiovascular disease.
One of the novel findings of our study was the positive association of the modulus of aortic elasticity to serum insulin level. Neutel et al 34 have shown previously that peripheral arterial compliance is inversely related to serum insulin in hypertensive men. On the other hand, Hopkins et al 12 found no association of aortic distensibility with serum insulin in healthy people. Our data and the findings of Neutel et al 34 accord with epidemiologic observations incriminating insulin as a risk factor of atherosclerosis. 35 The way insulin links up with arterial changes is not known in detail, but the possible mechanisms include effects that promote connective tissue synthesis and proliferation of smooth muscle in the vessel wall. Receptors for insulin and insulin-like growth factor have been identified in the aortic wall. 36 Nonetheless, Hopkins et al 12 found no age-independent relation between aortic distensibility and serum insulin-like growth factor-I in healthy people. In diabetes, the overall rigidity of the thoracoabdominal aorta is increased, at least in adults with noninsulin-dependent disease, 37 but whether the ascending or descending thoracic aorta or both are stiffened has not been studied.
The studies of Avolio et al 9 - 27 have suggested that people with a low sodium intake may have less stiff aortas than those consuming salt in higher amounts.,In our study, the association of aortic stiffness with salt intake was more complex because the regression was modified by the level of blood pressure. As Fig 3 shows , the association of aortic elastic modulus with habitual sodium intake was strongly positive in people with low mean blood pressure but faded away in people with blood pressure that was higher but still within the normotensive range. Because of the relatively small study group, the interaction must be viewed with caution. We interpret the data only as suggesting that dietary salt intake is one potential predictor of aortic stiffness and that its effect may depend on prevailing blood pressure.
Implications
Our data suggest that blood pressure, physical activity, serum lipid and insulin levels, and possibly sodium intake are potential predictors of the stiffness of the thoracic aorta in the general population. Although these associations remain to be shown as causal, they strengthen the idea of aortic distensibility being susceptible to therapeutic or lifestyle interventions. Although some loss of distensibility may be predestined to occur with aging, undue stiffening may be preventable or reversible. As a key determinant of systolic blood pressure and left ventricular load, the stiffness of the thoracic aorta may become a new therapeutic target in the future.
